The Arabidopsis (Arabidopsis thaliana) WRKY7 gene is induced by pathogen infection and salicylic acid (SA) treatment and may therefore play a role in plant defense responses. Here, we show that WRKY7 is localized in the nucleus, recognizes DNA molecules with the W-box (TTGAC) elements, and functions as a transcriptional repressor in plant cells. To study its biological functions directly, we have characterized both loss-of-function T-DNA insertion and RNAi mutants and gain-of-function transgenic overexpression plants for WRKY7 in Arabidopsis. The T-DNA insertion and RNAi mutant plants displayed enhanced resistance to a virulent strain of the bacterial pathogen Pseudomonas syringae as measured by significant decrease in both bacterial growth and symptom development as compared to those in wild-type plants. The enhanced resistance in the loss-of-function mutants was associated with increased induction of SA-regulated Pathogenesis-Related 1 (PR1) by the bacterial pathogen. Transgenic plants that constitutively overexpress WRKY7 have altered leaf growth and morphology strikingly similar to those observed in the previously isolated eds8 mutant plants. Like eds8 mutant plants, WRKY7-overexpressing plants supported more growth of P. syringae and developed more severe disease symptoms than wild-type plants. The enhanced susceptibility of both the WRKY7-overexpressing plants and the eds8 mutant correlated with reduced expression of defense-related genes, including PR1, but significantly increased accumulation of SA after pathogen infection, probably due to reduced negative feedback of SA synthesis. Thus, pathogen-induced WRKY7 transcription factor play a negative role in defense responses to P. syringae.
Pseudomonas syringae is a bacterial pathogen that infects a wide variety of plants (Hirano and Upper, 2000) . Several strains of P. syringae infect Arabidopsis (Arabidopsis thaliana), and the establishment of the Arabidopsis-Pseudomonas model pathosystem has greatly contributed to our understanding of the molecular basis of plant-pathogen interactions (Katagiri et al., 2002) . In the well-studied R gene-mediated disease resistance, recognition of specific avirulence factors from the bacterial pathogen by the products of corresponding R genes from Arabidopsis plants can trigger local plant defenses that are usually associated with programmed plant cell death, known as the hypersensitive responses (Nimchuk et al., 2003) . Pathogeninduced hypersensitive responses are often associated with accumulation of salicylic acid (SA) and activation of defense mechanisms in the surrounding or even distal parts of the plants, leading to the development of systemic acquired resistance (SAR; Durrant and Dong, 2004) .
A large number of Arabidopsis mutants with enhanced susceptibility to P. syringae have been isolated (Glazebrook et al., 1996; Rogers and Ausubel, 1997) . Some of these mutants, including eds1 (Aarts et al., 1998), pad4 (Zhou et al., 1998) , eds5 (Nawrath et al., 2002) , and sid2 (Wildermuth et al., 2001) , are defective in SA biosynthesis. Thus, SA-mediated defense plays a vital role in limiting P. syringae growth. In Arabidopsis, SA-induced plant defense response, including SAR, is associated with activated expression of PathogenesisRelated (PR) genes and requires the function of the NPR1 gene (Durrant and Dong, 2004) . NPR1 encodes a 66-kD protein with ankyrin repeats and some homolog with the animal IkB protein. NPR1 is localized in the cytoplasm as a large oligomeric complex in uninfected/ uninduced plants. Upon SAR induction, NPR1 is reduced to form a monomer that can then translocate to the nucleus (Mou et al., 2003) and bind and enhance the DNA-binding activity of several members of the TGA/OBF transcription factor family (Zhang et al., 1999; Despres et al., 2000; Niggeweg et al., 2000; Zhou et al., 2000) . Recognition of cis-acting promoters and regulation of pathogen-induced expression of Arabidopsis PR1, a commonly used molecular marker of SAR, by some of these TGA/OBF transcription factors have been demonstrated (Zhang et al., 1999; Zhou et al., 2000) . Moreover, a triple deletion knockout mutant for Arabidopsis TGA2, TGA5, and TGA6 genes was found to have impaired SAR (Zhang et al., 2003) .
In Arabidopsis, resistance to P. syringae can be enhanced not only by SA-mediated SAR but also by induced systemic resistance activated by biocontrol rhizobacteria (Pieterse et al., 1996 (Pieterse et al., , 1998 Knoester et al., 1999; van Wees et al., 1999 van Wees et al., , 2000 . Induced systemic resistance is independent of SA but dependent on jasmonate (JA)/ethylene (ET) signaling (Pieterse et al., 1998) . In addition, global expression phenotyping has shown that some Arabidopsis mutants with enhanced susceptibility to P. syringae, such as eds8 and pad1, are compromised in JA signaling (Glazebrook et al., 2003) . Thus, defense responses mediated by JA and/or ET also play a role in Arabidopsis resistance to P. syringae. Other studies, however, have shown that SA and JA signaling pathways are mutually antagonistic. In the JA-insensitive coi1 mutant of Arabidopsis, SAmediated gene expression and defense are elevated and resistance to P. syringae is enhanced (Kloek et al., 2001) . P. syringae mutants deficient in biosynthesis of coronatine, a JA analog, are less virulent on Arabidopsis (Brooks et al., 2004) . The bacterial pathogen may have evolved production of the JA analog to manipulate systemic plant defense to enhance susceptibility (Cui et al., 2005) . The apparent discrepancy of the relationship between SA and JA signaling is probably a reflection of complex plant defense mechanisms. A recent study has suggested that the outcomes of the interactions between SA and JA signaling are concentration specific (Mur et al., 2006) . When both signals were applied at low concentrations, there was a transient synergistic enhancement in the expression of genes associated with JA or SA. When the two signals were treated at higher concentrations or at prolonged times, they become antagonistic to each other.
A growing body of evidence suggests that WRKY proteins have regulatory functions in plant defense responses including activation of SAR (Ulker and Somssich, 2004) . Pathogen infection or treatment with elicitors or SA induces WRKY genes from several plant species (Chen and Chen, 2000; Asai et al., 2002; Dong et al., 2003; Li et al., 2004; Turck et al., 2004) . Several defense-regulated genes, including the regulatory NPR1 genes, contain W-box elements in their promoters that are specifically recognized by WRKY proteins and are necessary for their inducible expression (Rushton et al., 1996; Yang et al., 1999; Yu et al., 2001; Robatzek and Somssich, 2002) . The involvement of WRKY protein in regulating plant SAR is further substantiated by a reported microarray study of geneexpression changes in Arabidopsis under 14 different SAR-inducing or repressing conditions (Maleck et al., 2000) . The study discovered a group of 26 genes (including PR1) that were coordinately induced during SAR; these genes have higher than statistically expected frequencies of the binding sites for WRKY proteins in their promoters. Furthermore, constitutive expression of Arabidopsis WRKY18 and WRKY70 led to constitutive or enhanced expression of defenserelated genes, including SA-induced PR1, and increased resistance to virulent pathogens (Chen and Chen, 2002; Li et al., 2004) .
Other WRKY genes, on the other hand, may function to repress SA-mediated signaling. In a recently reported study using yeast two-hybrid screening, Arabidopsis MAP kinase 4 (MPK4), a repressor of SA-dependent resistance (Petersen et al., 2000) , was found to interact with an MPK4 substrate, MKS1, which in turn interacts with Arabidopsis WRKY25 and WRKY33 (Andreasson et al., 2005) . In addition, WRKY25 and WRKY33 were phosphorylated by MPK4 in vitro, and a wrky33 knockout mutant expressed elevated levels of PR1 under a short-day growth condition (Andreasson et al., 2005) . These results suggest that WRKY25 and WRKY33 may function as downstream components of the MPK4-mediated signaling pathway and contribute to repression of SAdependent disease resistance. More recently, we have shown that while overexpression of Arabidopsis WRKY18 activated SA-regulated PR1 gene expression and enhanced resistance to P. syringae, its coexpression with genes encoding its interacting partner WRKY40 or WRKY60 had opposite effects on Arabidopsis resistance to the bacterial pathogen (Xu et al., 2006) . Arabidopsis WRKY7 is induced by SA and P. syringae Thilmony et al., 2006) . WRKY7 is also among the genes that are coordinately induced under various SAR-inducing conditions (Maleck et al., 2000) . These observations suggest a possible role of WRKY7 in SA-regulated plant defense responses. More recently, WRKY7 has been shown to bind a Ca 21 -dependent calmodulin (Park et al., 2005) , suggesting an additional mechanism of regulation of the WRKY protein. In this study, we show that WRKY7 is likely to be nucleus localized and functions as a DNA-binding transcriptional repressor. Loss-of-function T-DNA insertion and RNAi mutants for WRKY7 were more resistant to P. syringae and expressed higher levels of PR1 gene after pathogen infection than wildtype plants. By contrast, WRKY7-overexpresing plants displayed strikingly similar phenotypes as the eds8 mutant in leaf morphology, enhanced susceptibility to P. syringae, and reduced expression of defense-related genes. These results strongly suggest that WRKY7 is a negative regulator of plant defense against the bacterial pathogen P. syringae.
RESULTS
Protein Sequence, Subcellular Localization, and DNA Binding As shown in Figure 1A , Arabidopsis WRKY7 contains a single WRKY domain located at its C terminus. Inspection of the amino acid sequences of WRKY7 also revealed a typical nuclear localization sequence, with a cluster of basic residues (Fig. 1A) . WRKY7 contains a number of Gly-, Glu-, or Gln-rich motifs that are often found in transcription factors with possible roles in transcriptional activation or repression (Fig. 1A) . A Ser/Thr-rich region is also found at the middle of the WRKY protein (Fig. 1A) , suggesting possible regulation of the transcription factor through posttranslational protein modification.
To examine the subcellular localization of WRKY7, its coding region was fused to the 3# end of a green fluorescent protein (GFP) reporter gene and expressed under the control of the cauliflower mosaic virus (CaMV) 35S promoter. The GFP gene alone under the control of the 35S promoter was used as a control. The GFP constructs were introduced separately by particle bombardment into onion (Allium cepa) epidermal cells. As shown in Figure 1B , this transiently expressed WRKY7-GFP fusion protein was localized exclusively to the nuclei of onion epidermal cells. The GFP protein was found in both the nuclei and cytoplasm, presumably due to its small size. This experiment suggests that WRKY7 is localized in the nucleus.
The novel type of the Cis 2 -His 2 zinc finger of plant WRKY proteins serves as a DNA-binding domain (DBD) that specifically recognizes the TTGAC (W-box) elements (Ulker and Somssich, 2004) . To examine the DNA-binding property of WRKY7, we expressed the gene in Escherichia coli, purified the recombinant proteins, and performed electrophoresis mobility shift assays (EMSA) to determine its binding to oligo DNA molecules with or without W-box elements. As a positive control, we included Arabidopsis WRKY18 recombinant protein, which is known to recognize W-box sequences (Chen and Chen, 2002) . As shown in Figure 2 , no shifted band was detected when a low level (0.2 mg) of WRKY7 recombinant protein was assayed in EMSA, even after a lengthy exposure. In comparison, when the same low level of WRKY18 recombinant protein was used in the assay, a retarded band was detected (Fig. 2B) . When the protein level was increased to 1.0 mg in the assay, a retarded band was detected for WRKY7, but the intensity of the band was much lower than that of WRKY18 (Fig. 2B) . Thus, WRKY7 bound the oligo DNA molecules (Pchn5) with two direct TTGACC repeats, but its DNA-binding activity was substantially lower that that of WRKY18. In addition, the two WRKY proteins formed DNA/ protein complexes that differed in mobility on the gel Figure 1 . Sequence and nuclear localization of WRKY7. A, Amino acids of WRKY7. The WRKY DNA-binding motif at the C terminus is indicated with the highly conserved WRKYGQK sequences and the residues forming the C 2 H 2 zinc fingers are colored red. The putative nuclear localization signal is also indicated with a cluster of basic amino acid residues colored blue. The amino acid residues involved in binding to a Ca
21
-dependent calmodulin are underlined. B, Subcellular localization of WRKY7. WRKY7 was fused to GFP to yield WRKY7-GFP; this chimeric protein is localized to the nucleus of onion epidermal cells. GFP alone is localized to both the nucleus and the cytoplasm, presumably due to its small size. A bright-field image of the onion epidermal cells is also shown below. The arrow points to the nucleus of the cell where the WRKY7-GFP fusion protein is localized. ( Fig. 2B ). It has been recently shown that WRKY18 can self-interact to form oligomers (Xu et al., 2006 ) that would have a low mobility on the gel. To determine whether the TTGACC sequence is essential for the sequence-specific binding activity, we also tested a mutant probe (mPchn0) in which the two TTGACC sequences were changed to TTGAAC ( Fig. 2A) . As shown in Figure 2B , neither WRKY7 nor WRKY18 recognized the mutant probe.
WRKY7 Is a Transcriptional Repressor
To determine the transcriptional regulatory activity of WRKY7 in planta, we developed a transgenic system in which the transcriptional regulatory activity of a protein can be determined through assays of a reporter gene in stably transformed plants. First, we generated a synthetic promoter consisting of the 2100 minimal CaMV 35S promoter and eight copies of the LexA operator sequence. The promoter was fused with the b-glucuronidase (GUS) reporter gene, subcloned into a plant transformation vector, and transformed into Arabidopsis plants. Transgenic lines harboring a single insertion locus (based on kanamycin antibiotic resistance segregation) were identified, and homozygous T3 progeny lines were obtained. Due to the minimal 35S promoter used, these transgenic plants constitutively expressed similarly low levels of the GUS reporter gene, thereby making them useful for assays of transcription activation or repression by determining increase or decrease in GUS activities following coexpression of an effector protein.
To generate the WRKY7 effector, we fused its coding sequence with that of the DBD of LexA. The fusion construct was subcloned behind the steroid-inducible Gal4 promoter in pTA7002 (Aoyama and Chua, 1997) and transformed into transgenic plants that already contain the GUS reporter construct. Unfused WRKY7 and LexA DBD genes were also subcloned into pTA7002 and transformed into transgenic GUS reporter plants as controls. Transgenic plants containing both reporter and effector constructs were identified through antibiotic resistance screens. To determine how the effectors influence GUS reporter gene expression, we determined the changes of GUS activities in these transgenic plants following induction of the effector gene expression by spraying 20 mM dexamethasone (DEX), a steroid. In the transgenic plants that expressed unfused WRKY7 or LexA DBD effector, the ratios of GUS activities measured before DEX treatment to those measured after DEX treatment were close to 1 (Fig. 3B ). These results indicated that induced expression of WRKY7 or LexA DBD alone had no significant effect on expression of the GUS reporter gene. In the transgenic plants harboring the LexA DBD-WRKY7 effector gene, induction of the fusion effector after DEX treatment resulted in approximately 5-fold reduction in GUS activity (Fig. 3B) . These results strongly suggest that WRKY7 is a transcriptional repressor in plant cells.
T-DNA and RNA Silencing wrky7 Mutants
To analyze the role of WRKY7 in plant defense, we identified a T-DNA insertion mutant, wrky7-1, that carries a T-DNA insertion in the second intron of the WRKY7 gene (Fig. 4A) . Northern-blot analysis revealed that SA induced WRKY7 transcripts of expected size in wild type but not in wrky7-1 (Fig. 4B ). In addition, we generated RNAi mutant plants that harbor inverted repeats of a WRKY7 fragment under control of the CaMV 35S promoter. Using RNA-blot analysis, we identified several RNAi lines that accumulated little WRKY7 transcripts following SA treatment (Fig. 4C) . A representative line containing a single T-DNA insertion locus (based on 3:1 antibiotic resistance segregation in T2 generation) was chosen for further investigation. The T-DNA insertion mutant and the RNAi lines grew and developed normally.
To determine the effect of disruption or suppressed expression of WRKY7 on plant disease resistance, we examined their response to P. syringae pv tomato DC3000 (PstDC3000), a strain virulent to Columbia-0 ecotype Arabidopsis plants (Whalen et al., 1991) . Plants were inoculated through infiltration with the bacteria (OD 600 5 0.001 in 10 mM MgCl 2 ), and the growth of the pathogen was monitored 3 d later. As shown in Figure 5A , the bacterial growth in the T-DNA insertion and RNAi mutant plants was 6-to 7-fold lower than that in wild-type plants. The mutant plants also developed less severe disease symptoms than wild-type plants after bacterial infection (Fig. 5B) . These results indicate that WRKY7 is a negative regulator of plant defense against the bacterial pathogen.
Resistance of Arabidopsis plants to P. syringae is dependent of SA-mediated defense signaling that is often associated with enhanced expression of PR genes including PR1. To determine whether enhanced resistance of the T-DNA insertion and RNAi mutants for WRKY7 to P. syringae was associated with enhanced SA signaling, we analyzed their SA accumulation before and after bacterial infection but failed to find significant difference between the mutants and wild type. We then compared wild-type and wrky7 mutant plants for pathogen-induced PR1 expression. There was no PR1 transcript accumulation in wild type, the T-DNA insertion, or RNAi mutant plants prior to bacterial infection. At 2 and 3 d postinoculation (dpi), however, PR1 transcripts accumulated at higher levels in the mutant plants than in wild-type plants (Fig. 5C) . Thus, enhanced resistance to the bacterial pathogen conferred by disruption or suppressed expression of WRKY7 correlated with enhanced induction of SAregulated PR1 gene expression by the pathogen.
Arabidopsis WRKY70 has been shown to play a role in cross talk between SA-and JA-mediated signaling pathways (Li et al., 2004 (Li et al., , 2006 , and, therefore, we examined whether expression of WRKY7 and WRKY70 in pathogen-infected Arabidopsis plants is mutually regulated by each other. In the wrky70-1 T-DNA insertion mutant plants, we consistently observed higher levels of WRKY7 transcripts than in the wild-type plants after PstDC3000 infection (Supplemental Fig. S1 ). In the wrky7-1 mutant background, pathogen-induced expression of WRKY70 appeared to be normal (Supplemental Fig. S1 ). Thus, pathogen-regulated WRKY7 expression appeared to be negatively regulated by WRKY70.
Transgenic Plants Constitutively Expressing WRKY7
To further analyze its biological function, we overexpressed WRKY7 constitutively in transgenic Arabidopsis plants. A cDNA with the full-length coding region of WRKY7 was placed behind the CaMV 35S promoter and transformed into Arabidopsis. Northern blotting showed elevated level of WRKY7 transcripts in the transgenic plants harboring the construct (Fig. 6A) . Interestingly, all those plants with substantially elevated WRKY7 transcripts have broader and more serrated leaves than wild-type plants, whereas transgenic plants with little or no elevation in WRKY7 transcripts do not exhibit such phenotypes (Fig. 6B) . The altered morphology of WRKY7-overexpressing plants was strikingly similar to that of the previously isolated eds8 mutant (Fig. 6B) . Because of the similarity in both leaf morphology and defense responses (see below), we also transformed the eds8 mutant plants with the 35S:WRKY7 construct, and WRKY7-overexpressing eds8 mutant plants were identified through RNAblotting analysis (Fig. 6A) . As shown in Figure 6B , Figure 3 . WRKY7 is a transcriptional repressor in plant cells. A, Constructs of reporter and effector genes. The GUS reporter gene is driven by a synthetic promoter consisting of the 2100 minimal CaMV 35S promoter and eight copies of the LexA operator sequence. The effector genes were clone into pTA7002 behind the steroid-inducible promoter. The three effector genes encode LexADBA-WRKY7 fusion protein (LexA-W7), LexA DBD (LexA), and WRKY7 (W7), respectively. B, Effects on the GUS reporter gene expression by induced expression of effector genes. The ratios of GUS activities were calculated from the GUS activities in the leaves harvested prior to DEX treatment (2) over those determined in the leaves harvested 18 h after DEX treatment (1). Only those transformants that displayed induced expression of the effector genes as determined from RNA blotting following DEX treatment were used in the analyses. The GUS activities in the transformants harboring the LexA-W7 effector decreased by approximately 4-to 5-fold following induced expression of the fusion effector, whereas the GUS activities in the transformants harboring the LexA or WRKY7 effector remained largely unchanged following induction of the effector gene expression. The means and errors were calculated from at least 15 positive transformants, and the experiments were repeated; two repetitions gave very similar results.
when compared with the untransformed eds8 mutant plants and the WRKY7-overexpressing plants in the wild-type background, WRKY7-overexpressing eds8 mutant plants had an enhanced phenotype in leaf morphology; the sizes of these plants were also reduced, and seed setting substantially decreased. Thus, WRKY7 overexpression and mutation of EDS8 had additive effects on plant growth and development.
To determine the effect of WRKY7 overexpression on plant disease resistance, we examined the response of the overexpression plants to PstDC3000. For comparison, we included the npr1-3 and eds8 mutants that are known to exhibit enhanced susceptibility to the bacterial pathogen. Plants were inoculated through infiltration with the bacteria (OD 600 5 0.001 in 10 mM MgCl 2 ), and the growth of the pathogen was monitored 3 d later. As shown in Figure 7A , the bacterial growth in the npr1-3 mutant plants was approximately 7-fold higher than that in wild-type plants. The eds8 mutant also supported a significantly higher bacterial growth than wild-type plants, although the mutant was not as susceptible as the npr1 mutant based on the bacterial growth. The growth of the bacterial pathogen in the WRKY7-overexpressing plants was, at least, as high as in the eds8 mutant (Fig. 7A) . When WRKY7 was overexpressed in the eds8 mutant background, the bacterial growth was further enhanced relative to those in the eds8 mutant and the WRKY7-overexpressing plants in the wild-type background. The npr1-3, eds8 mutants, and WRKY7-overexpression plants (in both the wildtype and eds8 backgrounds) also developed more severe disease symptoms than wild-type plants after infection (Fig. 7B) . These results indicated that overexpression of WRKY7 had a negative effect on plant resistance Figure 4 . Characterization of WRKY7 T-DNA insertion and RNAi mutants. A, Diagram of the WRKY7 gene and the T-DNA insertion in the wrky7-1 mutant. B, RNA-gel analysis of the wrky7-1 mutant. Wildtype (Wt) and mutant plants were treated with 2 mM SA. Four hours after the treatment, the leaves were harvested and total RNA was isolated. After separation on the gel and blotting to a nylon membrane, the blot was probed with a WRKY7 DNA fragment. C, RNA-gel analysis of the RNAi mutant plants for WRKY7. A representative transgenic RNAi line containing a single T-DNA insertion in its genome and exhibiting stable suppression of WRKY7 was chosen for the analysis. Its T3 homozygous progeny plants were used in all the experiments in the study. Wild-type (Wt) and mutant plants were treated with 2 mM SA. Four hours after the treatment, the leaves were harvested and total RNA was isolated. After separation on the gel and blotting to a nylon membrane, the blot was probed with a WRKY7 DNA fragment. Ethidium bromide-stained rRNA was used as a loading control. The experiments were repeated twice with similar results. Figure 5 . Responses of WRKY7 mutants to P. syringae. A, Bacterial growth. Wild-type (Wt), wrky7-1, and RNAi (W7-RNAi) mutants were inoculated with PstDC3000 (OD 600 5 0.001). Samples were taken 3 dpi to determine the bacterial titers. The means and SEs were calculated from six plants. B, Disease symptom development. Wild-type (Wt), wrky7-1, and RNAi (W7-RNAi) mutants were inoculated with PstDC3000 (OD 600 5 0.001). Pictures of representative inoculated leaves were taken 3 dpi. C, Pathogen-induced PR1 gene expression. Total RNA was isolated from wild-type (Wt), wrky7-1, and RNAi (W7-RNAi) mutant plants at indicated times after inoculation of PstDC3000 (OD 600 5 0.001) and probed with a PR1 fragment. Ethidium bromidestained rRNA was used as a loading control. The experiments were repeated twice with similar results. to PstDC3000. It also appeared that overexpression of WRKY7 and mutation of EDS8 had an additive effect on plant susceptibility to the bacterial pathogen.
To determine whether WRKY7-induced susceptibility to PstDC3000 is associated with defects in SA signaling, we determined SA-regulated PR1 gene expression in Arabidopsis plants that overexpressed WRKY7. For comparison, we again included the npr1-3 and eds8 mutants in these analyses. As shown in Figure 8A , in wild-type plants the level of PR1 gene transcripts was elevated at 1 dpi, continued to increase at 2 dpi, and then declined at 3 dpi. By contrast, there was little induction of PR1 in the npr1-3 mutant after infection (Fig. 8A ). In the eds8 mutant, PR1 transcripts were almost undetectable at 1 dpi and substantially reduced at 2 dpi as compared to those in the wild-type plants (Fig. 8A) . Thus, pathogen-induced PR1 expression was both delayed and reduced in the eds8 mutant. Overexpression of WRKY7 also reduced pathogeninduced PR1 expression. In the wild-type background, WRKY7 overexpression did not appear to delay the induction based on the significant level of PR1 transcripts detected at 1 dpi in the overexpression plants (Fig. 8A) . However, PR1 transcript levels were substantially lower at both 2 and 3 dpi in the transgenic overexpression plants than those in wild-type plants (Fig. 8A) . In the eds8 mutant background, WRKY7 overexpression reduced PR1 transcript accumulation at both 1 and 2 dpi as compared to that in wild-type plants (Fig. 8A) . It appeared that overexpression of WRKY7 in the eds8 mutant background both delayed and reduced expression of the SA-regulated defense gene.
We also examined the accumulation of SA in these plants. SA levels were very low in uninfected wildtype plants but increased approximately 20-fold at 24 h after infection. In the npr1-3 mutant plants, the basal SA levels were similarly low, but the induced SA levels after pathogen infection were approximately 3 to 4 times higher than those in pathogen-infected wildtype plants (Fig. 8B) . The enhanced SA accumulation upon pathogen infection in the SA-signaling mutant has been attributed to negative feedback regulation of SA biosynthesis by NPR1-mediated SA signaling (Shah et al., 1997; Wildermuth et al., 2001 ). In the eds8 mutant, induction of SA levels after infection was also significantly higher than that in wild-type plants, although the magnitude of increase was lower than that in the npr1 mutant (Fig. 8B ). There were significantly higher SA levels in WRKY7-overexpression plants than in wild-type plants (Fig. 8B) . Overexpression of WRKY7 and mutation of EDS8 also had a significantly additive effect on pathogen-induced SA accumulation; the SA levels in the WRKY7-overexpressing eds8 mutant plants were significantly higher than those in the eds8 mutant and in WRKY7-overexpressing wild-type plants (Fig. 8B) . Thus, pathogen-induced SA accumulation in the eds8 mutant and transgenic WRKY7 overexpression was not impaired.
Global expression phenotyping of wild-type and signaling-defective mutant plants has shown that EDS8 is involved in JA or ET signaling (Glazebrook et al., 2003) . Expression of several JA/ET-regulated genes was reduced in the eds8 mutant after infection by a virulent strain of P. syringae pv maculicola (Glazebrook et al., 2003) . These genes include: At5g04340 (encoding a C2H2 type transcription factor), At4g35770 (SEN1; a pathogen-and senescence-induced gene), At1g09500 (encoding a cinnamyl-alcohol dehydrogenase involved in lignin biosynthesis), and At4g25170 (encoding an unknown protein). To determine whether constitutive overexpression of WRKY7 had similar effects on expression of these JA/ET-regulated genes, we analyzed Figure 6 . Construction of WRKY7 overexpression lines. A, RNA-gel analysis of WRKY7 overexpression in the wild-type (35S:W7) or eds8 (eds8/35S:W7) background. RNA samples were prepared from leaves of 4.5-week-old wild-type (Wt), eds8, and transgenic plants and probed with a WRKY7 fragment. A representative transgenic WRKY7 line in the wild-type background and a representative transgenic WRKY7 line in the eds8 mutant background containing a single T-DNA insertion in their genomes and exhibiting stable WRKY7 expression were used in the analysis. Their F3 homozygous progeny plants were used in all the experiments in the study. B, Morphology of representative 5-week-old wild-type (Wt), eds8, and transgenic plants overexpressing WRKY7. their transcript levels before and after infection of PstDC3000 in the wild-type, eds8, and WRKY7-overexpression plants. As shown in Figure 8C , expression of the four genes was induced in wild-type plants after PstDC3000 infection. In the eds8 mutant and transgenic WRKY7-overexpression plants, three of the four genes (At5g04340, At4g35770, and At1g09500) were substantially reduced in expression before and/or after pathogen infection. The fourth gene (At4g25170) expressed normally in the transgenic WRKY7-overexpression plants but expressed at a significantly reduced level in the eds8 mutant after PstDC3000 infection. Thus, mutation of EDS8 and overexpression of WRKY7 had very similar, if not identical, effects on expression of the JA/ET-regulated genes.
DISCUSSION
Interactions between Arabidopsis and the bacterial pathogen P. syringae have been extensively analyzed, and we therefore used this model system to investigate the role of WRKY7 in plant defense responses. In the T-DNA insertion and RNAi mutants for WRKY7, the growth of the bacterial pathogen and development of the disease symptom were significantly reduced when compared with those in wild-type plants (Fig. 5) . Constitutive overexpression of WRKY7, on the other hand, led to enhanced susceptibility to P. syringae as manifested by enhanced bacterial growth and development of more severe disease symptom (Fig. 7) . These results indicate that pathogen-and SA-induced WRKY7 plays a negative role in plant defense against the bacterial pathogen.
Arabidopsis mutants defective in SA biosynthesis or signaling, including eds1, pad4, eds5, sid2, and npr1, allow increased growth of P. syringae, indicating that SA-mediated signaling mechanisms are important for defense against P. syringae. In the T-DNA insertion and RNAi mutants for WRKY7 that exhibited enhanced resistance to P. syringae, SA-regulated PR1 gene expression was enhanced but SA accumulation was normal after infection. This observation suggests that WRKY7 might function as a negative regulator of SA signaling. In support of this hypothesis, overexpression of WRKY7 reduced SA-regulated PR1 gene expression without compromising SA accumulation. In fact, SA levels in the transgenic overexpression plants Figure 7 . Responses of WRKY7-overexpressing plants to P. syringae. A, Bacterial growth. Wild-type (Wt), npr1-3, eds8, and transgenic WRKY7-overexpressing plants in either the wild-type or eds8 background were inoculated with PstDC3000 (OD 600 5 0.001). Samples were taken 3 dpi to determine the bacterial titers. The means and SEs were calculated from six plants for each treatment. B, Disease symptom development. Wild-type (Wt), npr1-3, eds8, and transgenic WRKY7-overexpressing plants in either the wild-type or eds8 background were inoculated with PstDC3000 (OD 600 5 0.001). Pictures of representative inoculated leaves were taken 3 dpi. The experiments were repeated twice with similar results. were significantly elevated after pathogen infection relative to those in wild-type plants. Enhanced SA accumulation is also observed in the SA signalingdefective npr1 mutant and is attributed to negative feedback regulation of SA biosynthesis by SA signaling (Durrant and Dong, 2004) . The results from the transgenic WRKY7-overexpression plants support that WRKY7 compromises plant resistance to P. syringae, most likely by negatively regulating SA signaling. The significantly elevated SA levels in WRKY7-overexpression plants after P. syringae infection probably also resulted from reduced negative feedback regulation of SA biosynthesis by compromised SA signaling.
We have previously shown that overexpression of Arabidopsis WRKY18 led to constitutive expression of PR genes and enhanced resistance to P. syringae. Likewise, overexpression of Arabidopsis WRKY70 resulted in enhanced resistance to P. syringae and stronger induction of SA-regulated PR genes (Li et al., 2004) . Additional analysis indicates that WRKY70 plays a positive role in SA signaling and functions as a negative regulator of JA-inducible genes. WRKY7, on the other hand, appears to play an opposite role in plant defense based on the phenotypes of both the overexpression plants and loss-of-function mutants. In a recent reported study using yeast two-hybrid screening, Arabidopsis MPK4, a repressor of SA-dependent resistance, was found to interact with a MPK4 substrate MKS1, which in turn interacts with Arabidopsis WRKY25 and WRKY33 (Andreasson et al., 2005) . In addition, WRKY25 and WRKY33 were shown to be in vitro substrates of MPK4, and a wrky33 knockout mutant was found to express enhanced levels of PR1 gene under a short-day growth condition. These results suggest that WRKY25 and WRKY33 may function as downstream components of the MPK4-mediated signaling pathway and also act as repressors of SAdependent disease resistance. Thus, different WRKY proteins play distinct roles in various signaling pathways of plant defense responses.
How WRKY7 negatively regulates SA-regulated PR1 gene expression and compromised plant defense against P. syringae is unclear. A number of WRKY proteins have been shown to act as positive transcriptional regulators (de Pater et al., 1996; Eulgem et al., 1999; Hara et al., 2000) . Positive roles of WRKY proteins in regulation of plant defense genes are also inferred from the observations that W-box elements in the promoters of several defense-regulated genes, including NPR1, are necessary for their inducible expression (Rushton et al., 1996; Yang et al., 1999; Yu et al., 2001; Robatzek and Somssich, 2002) . WRKY7, however, functions as a transcriptional repressor in plant cells and therefore might enhance plant susceptibility to P. syringae by repressing SA-regulated defense gene expression. Consistent with this possibility, SA-regulated PR1 has a W-box sequence (LS4) in its promoter that functions as a negative cis-acting element (Lebel et al., 1998) . W-box sequences acting as negative regulatory sequences have also been found in Figure 8 . Pathogen-induced defense gene expression and SA accumulation. A, RNA-blot analysis of PR1 expression in wild-type (Wt), npr1-3, eds8, and T3 progeny of transgenic 35S:WRKY7 plants in the wild-type (35S:W7) or eds8 mutant (eds8/35S:W7) background following inoculation with PstDC3000 (OD 600 5 0.001). Total RNA was isolated from inoculated leaves harvested at indicated times after inoculation and probed with a PR1 fragment. Ethidium bromidestained rRNA was used as a loading control. B, Determination of total SA levels in wild-type (Wt), npr1-3, eds8, and T3 progeny of transgenic 35S:WRKY7 plants in the wild-type (35S:W7) or eds8 mutant (eds8/ 35S:W7) background following inoculation with PstDC3000 (OD 600 5 0.001). Inoculated leaves were harvested at indicated times for total SA determination. The means and SEs were calculated from two to three replicate samples. FW, Fresh weight. C, RNA-blot analysis of defenserelated genes in wild-type (Wt), eds8, and T3 progeny of transgenic 35S:WRKY7 plants in the wild-type background (35S:W7) following inoculation with PstDC3000 (OD 600 5 0.001). Total RNA was isolated from inoculated leaves harvested at indicated times after inoculation and probed with gene-specific DNA fragments. Ethidium bromidestained rRNA was used as a loading control. The experiments were repeated twice with similar results. the promoter of pathogen-and SA-induced Arabidopsis WRKY18 genes (Chen and Chen, 2002) . Moreover, Arabidopsis WRKY6 acts as a repressor for a number of defense-related genes, including WRKY6 itself (Robatzek and Somssich, 2002) . Among the defenserelated genes repressed by WRKY6 is SEN1, whose expression was strongly up-regulated in the wrky6 knockout mutant (Robatzek and Somssich, 2002) . Interestingly, pathogen-induced SEN1 expression was suppressed in the WRKY7-overexpressing plants (Fig. 8C) . The SEN1 gene promoter contains five W-boxes within the first 1 kb of sequence (Robatzek and Somssich, 2002) , and, therefore, repression of the gene by WRKY proteins may be mediated through direct binding of these W-boxes. In plants, a number of transcription factors have been identified as transcriptional repressors. For example, several class II ERF and SUPERMAN transcription factors and Aux/IAA proteins repress transcription due to a similar repression domain containing the LxLxL amino acid motif (Ohta et al., 2001; Hiratsu et al., 2002 Hiratsu et al., , 2004 Tiwari et al., 2004) . No such LxLxL motif is found in WRKY7, and, therefore, further studies using deletion analysis would be necessary to identify its repressor sequence.
WRKY7-overexpression plants and the eds8 mutant exhibited not only similar changes in leaf morphology but also similar phenotypes in increased susceptibility to P. syringae and reduced expression of pathogeninduced PR1. In addition, there was a similar increase in the accumulation of SA in both the eds8 mutant and the WRKY7-overexpression plants. The strikingly similar phenotypes of the eds8 and transgenic WRKY7-overexpression plants raised the possibility that the two genes might function in the same signal transduction pathway. However, when WRKY7 expression was silenced in the eds8 mutant, neither the altered leaf morphology nor the enhanced disease susceptibility of eds8 was reversed (K.-C. Kim and Z. Chen, unpublished data) . Thus, WRKY7 does not appear to be a downstream component of the EDS8 signaling pathway directly responsible for the mutant phenotypes of the eds8 mutant. Nevertheless, the strikingly similar phenotypes of the eds8 mutant and the WRKY7-overexpressing plants strongly suggest that they may share the same or similar molecular basis for enhanced disease susceptibility to P. syringae.
In this study, we have shown that in the eds8 mutant, induction of SA-regulated PR1 was also significantly reduced but SA accumulation was not reduced after infection by P. syringae. These observations suggested that the eds8 mutant might also be defective in SA signaling. However, global gene expression analysis has revealed that the eds8 mutant is defective in induction of genes regulated by JA, suggesting that EDS8 affects JA signaling (Glazebrook et al., 2003) . Considerable evidence suggests that SA-and JA-signaling pathways have a complicated relationship of interactions including synergism and antagonism. A recent study has shown that synergism in expression of JA-regulated genes (e.g. PDF1.2 and Thi2.1) or SAregulated genes (e.g. PR1) occurs when both signals are applied at low concentrations (Mur et al., 2006) . However, when both signals are present at prolonged times or at high concentrations, antagonism between the two pathways was observed. In plants infected by P. syringae, JA signaling is activated weakly, as the JAregulated genes such as PDF1.2 and Thi2.1 were only barely induced (Glazebrook et al., 2003) . However, this weakly activated JA signaling may synergistically interact with the activated SA signaling to augment plant defense against the invading bacterial pathogen. Mutation of EDS8 may suppress this weakly activated JA signaling, compromise the synergistic interactions between SA-and JA-mediated defense signaling, and consequently cause susceptibility to the bacterial pathogen. Likewise, WRKY7 could negatively regulate plant defense against P. syringae by directly repressing SA-regulated defense genes or by repressing weakly activated JA signaling and compromising synergistic interactions between SA and JA signaling. When the cognate target genes of WRKY7 are identified in the future, they will help to distinguish between the two possible mechanisms.
MATERIALS AND METHODS

Plant Growth Conditions
The Arabidopsis (Arabidopsis thaliana) wild-type, mutant, and transgenic plants used in the study were all in the Columbia-0 genetic background and were grown in growth chambers at 22°C and 120 mE m 22 s 21 light on a 12-hlight and 12-h-dark photoperiod.
Subcellular Localization
The WRKY7 cDNA was amplified with the following primers: 5#-ATG-GAATTCATGACTGTTGAGCTGATGATGAG-3# and 5#-ATCGCCATGGAG-AGTTTTGTCATGATTCATCGTCG-3#. The amplified fragment was digested with EcoR1 and NcoI and cloned into a GFP vector. The empty GFP plasmid was used as a control. The plasmid was isolated using Qiagen kits, concentrated to about 1 mg/mL, and used to coat the gold particles for bombardment experiments. Transient expression of the GFP fusion genes in onion (Allium cepa) epidermal cells through particle bombardment and subsequent localization of the proteins was performed essentially as described (Xu et al., 2006) .
Production of Recombinant Protein and EMSA
To generate the WRKY7 recombinant protein, its full-length cDNA was cloned into pET32a (Novagen) and transformed into Escherichia coli strain BL21 (DE3). Induction of expression and purification of recombinant Histagged WRKY7 protein were performed according to the protocol provided by Novagen. The purified proteins were dialyzed overnight against a nuclear extraction buffer (25 mM HEPES/KOH, pH 7.5, 40 mM KCl, 0.1 mM EDTA, 10% glycerol, 1 mM dithiothreitol, and 30 mg/L phenylmethylsulfonyl fluoride) at 4°C. Double-stranded synthetic oligonucleotides were labeled to specific activities of approximately 10 5 cpm/ng using the Klenow fragment of DNA polymerase I. DNA and protein complexes were allowed to form at room temperature for 30 min and resolved on a 10% polyacrylamide gel in 0.5 3 Tris-borate/EDTA at 4°C. eight copies of the LexA operator sequence. The LexA operator sequence was PCR amplified from pER8 (Zuo et al., 2000) using primers (5#-ATCGAATTC-CAGCTTGGGCTGCAGGT-3# and 5#-ATCGGATCCTAGAGTCGAGCATAT-TACA-3#) and cloned into the EcoRI/BamHI sites of a cloning vector. The 2100 CaMV 35S minimal promoter was PCR amplified from pFF19 (Timmermans et al., 1990 ) using primers (5#-ATCGGATCCAAGTGGATTGATGTGATATC-TCC-3# and 5#-ATCACTAGTTCAGCGTGTCCTCTCCAA-3#) and cloned into the BamHI and SpeI downstream of the LexA operator sequence. The synthetic promoter was subcloned into a modified pOCA28 binary vector upstream of a GUS reporter gene. Arabidopsis transformation was performed by the vacuum infiltration procedure, and transformants were identified through selection in Murashige and Skoog medium containing 50 mg/mL kanamycin. A majority of the transformants contained similar but relatively low GUS activities due to the minimal 35S promoter used. A number of independent lines that contain a single T-DNA insertion (based on antibiotic resistance segregation in T2 generation) were identified and their homozygous T3 progeny were obtained. These plants were used as recipients for transformation of effector genes.
To generate effector genes, the DNA fragment for the LexA DBD was digested from the plasmid pEG202 (CLONTECH) using HindIII and EcoRI and cloned into the same sites in pBluescript. The full-length WRKY7 cDNA fragment was subsequently subcloned behind the LexA DBD to generate a translational fusion. The LexA DBD-WRKY7 fusion gene was cleaved from the plasmid with SalI/XbaI digestion and cloned into the XhoI/SpeI site of pTA2002 behind the steroid-inducible promoter (Aoyama and Chua, 1997). As controls, the unfused LexADBD and WRKY7 genes were also cloned into the same sites of PTA7002. These effector constructs were directly transformed into the transgenic GUS reporter plants and double transformants were identified through screening for antibiotic (hygromycin) resistance.
For determining activation or repression of GUS reporter gene expression by the effector proteins, one fully expanded leaf was harvested immediately prior to DEX treatment, and three additional leaves were harvested 18 h after treatment of DEX (20 mM) from each double-transformed plant (5 weeks old). Two of the three leaves harvested after DEX treatment were used for isolation of total RNA that was subsequently probed with a LexA DBD or WRKY7 DNA fragment for determining DEX-induced effector gene expression. For those double transformants with positive effector gene expression revealed from RNA blotting, the GUS activities from the third leaves harvested after DEX treatment were determined and compared with the GUS activities determined from the leaves harvested immediately before DEX treatment. GUS activity was measured through a 4-methylumbellifery-b-D-glucuronide substrate assay.
Isolation of the wrky7-1 and wrky70-1 T-DNA Insertion Mutants
The wrky7-1 mutant (GABI_356A10) contains a T-DNA insertion in the second intron of the WRKY7 gene. The T-DNA insertion in the wrky7-1 mutant was confirmed by PCR using a T-DNA-specific primer (5#-CCCATTTGGAC-GTGAATGTAGACAC-3#) and a WRKY7-specific primer (pW7-1, 5#-AGA-GTTTTGTCATGATTCATCGTCG-3#). Homozygous wrky7-1 mutant plants were identified by PCR using a pair of primers corresponding to sequences flanking the T-DNA insertion (pW7-1 and pW7-1R, 5#-ATGACTGTTGAGCT-GATGATGAG-3#). The wrky70-1 mutant (Salk_025198) contains a T-DNA insertion in the first exon of WRKY70. Homozygous wrky70-1 mutant plants were identified by PCR using a pair of primers corresponding to sequences flanking the T-DNA insertion (pW70-1, 5#-CATGTGATAACGACGGCAAG-3# and pW70-1R, 5#-AAAGGACCTTGGGAATTTGG-3#).
Construction of Transgenic WRKY7 Overexpression and RNAi Plants
An EcoRI/HindIII fragment that contains the 35S promoter with double enhancers, multiple cloning sites, and 35S terminator was excised from pFF19 and cloned into the same sites of the transformation vector pOCA28 to generate pOCA30. To generate the 35S-WRKY7 construct, the cDNA fragment that contains full coding sequence and 3# untranslated region of WRKY7 was excised with KpnI and SalI from a cloning plasmid and subcloned into the same restriction sites of pOCA30 in the sense orientation behind the 35S promoter.
To generate the WRKY7 RNAi construct, the first intron of the Arabidopsis Cat3 gene was first cloned between the CaMV 35S promoter and the 35S terminator of pOCA30 to generate an RNAi vector pAA1. An approximately 400-bp DNA fragment of WRKY7 was amplified with primers (5#-GACTCGA-GTGGAGGAGAAGAAGCCAGAA-3# and 5#-AGTCTAGACCTCTCGAAC-CAGAGAGCTG-3#) and digested with XhoI and XbaI. The XhoI/XbaI WRKY7 fragment was cloned into XbaI/SalI sites in sense orientation before the Cat3 intron in pAA1 and was cloned again into the XhoI/SpeI sites in antisense orientation behind the Cat3 intron in the resulting plasmid. The final construct contains two WRKY7 inverted repeats separated by the Cat3 intron.
Arabidopsis transformation was performed by the floral-dip procedure (Clough and Bent, 1998) . The seeds were collected from the infiltrated plants and selected in Murashige and Skoog medium containing 50 mg/mL kanamycin. Kanamycin-resistant plants were transferred to soil 9 d later and grown in a growth chamber for further analysis.
Northern Blotting
For northern-blot analysis, total RNA (5 mg) was separated on agaroseformaldehyde gels and blotted to nylon membranes. Blots were hybridized with [a-32 P]dATP-labeled gene-specific probes. Hybridization was performed in PerfectHyb plus hybridization buffer (Sigma) overnight at 68°C. The membrane was then washed for 10 min twice with 2 3 SSC and 1% SDS and 10 min with 0.1 3 SSC and 1% SDS at 68°C.
Pathogen Inoculation
Pathogen inoculations were performed by infiltration of leaves of at least six plants for each treatment with the PstDC3000 strain (OD 600 5 0.001 in 10 mM MgCl 2 ). Inoculated leaves were harvested 3 d after infiltration and homogenized in 10 mM MgCl 2 . Diluted leaf extracts were plated on King's B medium supplemented with rifampicin (100 mg/mL) and kanamycin (25 mg/mL) and incubated at 25°C for 2 d before counting the colony forming units.
Determination of SA
Total SA was extracted and quantified as described previously (Freeman et al., 2005) .
Arabidopsis Genome Initiative numbers for the genes discussed in this article are as follows: WRKY7, At4g24240; PR1, At2g14610.
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